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Summary 


The  high  melting  point  of  refractory  metal  diborides  makes  them  promising 
materials  for  ultra  high  temperature  applications.  In  this  work,  we  study  the 
mechanical  strength  of  ZrB2-SiC  composites  with  variable  amounts  of  additive 
Carbon,  the  SiC  phase  being  in  grain  and  fiber  morphologies.  Samples  have 
been  studied  in  compression  at  room  temperature,  14002C  and  15502C,  in 
atmospheric  air.  The  degradation  of  the  mechanical  properties  as  a  result  of 
atmospheric  air  exposure  at  high  temperatures  has  also  been  studied  as  a 
function  of  exposure  time.  In  the  fiber  composite  the  matrix  presents 
significant  microcracking  due  to  residual  thermal  stresses,  and  therefore  shows 
poor  mechanical  properties.  Strength  in  the  polycrystalline  compositions  is 
highly  influenced  by  the  presence  of  carbon,  as  it  burns  out  at  high 
temperatures.  After  exposure  to  air  at  high  temperatures  a  Si02  layer  is 
formed,  below  which  ZrB2  oxidizes  to  ZrCh.  A  reduction  of  30%  in  room 
temperature  strength  occurs  after  16-24h  of  exposure  to  air  at  14002C  for  the 
ZrB2-SiC  material,  while  for  the  ZrB2-SiC-C  composition  it  occurs  after  less  than 
6h.  The  thickness  of  the  oxide  layer  has  been  measured  and  the  oxidation 
process  is  discussed  in  terms  of  the  existing  models. 


I  ntroduction 

The  high  melting  point  of  refractory  metal  diborides  coupled  with  their 
ability  to  form  refractory  oxide  scales  give  these  materials  the  capacity  to 
withstand  temperatures  in  the  1900-25002C  range.  These  Ultra-High 
Temperature  Ceramics  (UHTC)  were  developed  in  the  1960s  [1].  Fenter  [2] 
provides  a  comprehensive  review  of  the  work  accomplished  in  the  1960s  and 
early  1970s.  Additions  of  Silicon  Carbide  are  used  to  enhance  oxidation 
resistance  and  limit  diboride  grain  growth.  Carbon  is  also  sometimes  used  as  an 
additive  to  enhance  thermal  stress  resistance. 

These  materials  offer  a  good  combination  of  properties  that  make  them 
candidates  for  airframe  leading  edges  on  sharp  bodied  reentry  vehicles  [3]. 
UHTCs  have  some  potential  to  perform  well  in  such  applications'  environment, 
i.e.  air  at  low  pressure.  However,  for  hypersonic  flight  in  the  upper  atmosphere 
one  must  recognize  that  stagnation  pressures  can  be  greater  than  one 
atmosphere.  Some  interest  has  also  been  shown  in  these  materials  for  single 
use  propulsion  applications  [4].  Preliminary  studies  [5]  of  oxidation  resistance 
and  mechanical  properties  by  bending  tests  indicate  that  processing  does  not 
seem  to  be  under  full  control,  as  evidenced  by  the  large  scatter  in  mechanical 
property  data.  The  key  to  raising  their  potential  for  any  application  is  to 
improve  the  processing  route  and  thus  material  reproducibility,  through  an 
understanding  of  the  correlation  between  processing,  microstructure  and 
mechanical  properties,  area  in  which  major  improvements  are  needed. 
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In  this  work,  we  study  the  mechanical  strength  of  ZrB2-SiC  composites 
with  variable  amounts  of  additive  Carbon,  the  SiC  phase  being  in  grain  and  fiber 
morphologies.  Samples  have  been  studied  in  compression  at  room  temperature, 
14002C  and  15502C,  in  atmospheric  air.  The  degradation  of  the  mechanical 
properties  as  a  result  of  atmospheric  air  exposure  at  high  temperatures  has  also 
been  studied  as  a  function  of  exposure  time.  The  microstructure  and 
composition  of  the  as-fabricated  and  tested  materials  has  been  studied  by 
means  of  Scanning  Electron  Microscopy  (SEM)  and  Energy  Dispersive 
Spectroscopy  (EDS). 


Methods,  Assumptions,  and  Procedures 

Samples  of  ZrB2-SiC  composites  were  fabricated  using  a  technique 
previously  described  elsewhere  [5,  6].  Two  polycrystalline  composites  were 
studied,  containing  variable  amounts  of  ZrB2  and  SiC;  one  of  them  also 
contained  C.  A  third,  fiber-reinforced  composite  consisting  of  SCS-9a  SiC  fibers 
in  a  ZrB2-C  matrix  was  also  studied.  The  nominal  compositions  of  the  materials 
investigated  are  summarized  in  Table  1. 

Compression  tests  were  carried  out  on  an  electromechanical  universal 
testing  machine  with  a  furnace  attached  in  its  frame.  Load  was  applied  using 
alumina  rods  with  SiC  pads.  Samples  were  cut  into  parallelepiped  shape  using  a 
low  speed  diamond  saw.  Nominal  sample  dimensions  were  3x3x5  mm,  and  the 
load  was  applied  to  the  longest  dimension.  High  temperature  mechanical  tests 
were  conducted  at  room  temperature,  14002C  and  15502C.  Several  samples 
were  exposed  to  oxidation  by  annealing  at  14002C  in  atmospheric  air,  and 
exposure  times  ranged  from  6h  to  48h.  The  room  temperature  strength  was 
measured  after  annealing,  to  study  the  degradation  of  the  mechanical 
properties  after  exposure  to  an  oxidizing  environment 

Microstructural  studies  were  carried  out  using  SEM  and  EDS  techniques,  in 
both  the  as-fabricated  and  tested  specimens.  Samples  were  prepared  using 
conventional  metallographic  techniques  which  involved  cutting,  grinding  and 
lapping.  A  conductive  coating  of  either  carbon  or  gold  was  applied  to  the 
specimens  prior  to  observation. 


Results  and  discussion 
Microstructure  of  as- received  specimens 

Figure  1  shows  the  as  fabricated  microstructure  of  all  studied 
compositions.  Our  observations  match  those  reported  in  [5].  The  ZS  composite 
appears  to  be  fully  dense  (figure  l.A),  while  the  ZSC  suffered  from  significant 
grain  pullout  during  polishing,  as  evidenced  in  figure  l.B.  This  is  attributed  to 
the  weak  C  bonding  to  the  ZrB2  and  SiC,  phases,  which  results  in  removal  of  the 
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C  phase  during  grinding.  The  fiber  composite  microstructure  is  shown  in  figures 
l.C  and  l.D.  Fibers  were  disposed  in  layers  of  approximately  hexagonal 
packing,  although  some  layers  were  more  ordered  than  others.  It  can  be  seen 
that  the  fiber  coating  remained  intact  during  the  uniaxial  pressing  step  of  the 
fabrication  route.  The  ZrB2-C  matrix  was  highly  porous,  although  is  difficult  to 
ascertain  whether  this  is  due  to  grain  pullout,  as  in  the  ZSC  composite,  or  due 
to  the  fabrication  route.  Previous  studies  estimated  this  porosity  to  be  present 
on  the  as-fabricated  material,  and  amounted  for  40%  volume  of  the  matrix. 

From  figure  l.C  it  can  be  seen  that  the  matrix  showed  significant  cracking 
in  the  ZSS  material,  with  penny  shaped  circular  cracks  perpendicular  to  the  fiber 
direction.  A  detailed  view  is  presented  in  figure  2.  This  is  a  consequence  of  the 
thermal  expansion  mismatch  between  the  fibers  and  the  matrix,  which  creates 
residual  stresses  during  material  cool-down  from  the  sintering  temperature.  The 
relevant  physical  properties  of  the  constituent  phases  are  presented  in  Table  2. 
The  matrix  is  highly  porous  and  therefore  must  have  a  low  strength,  which  in 
turn  causes  the  thermal  stresses  to  relax  through  microcracking.  This  effect  was 
not  observed  in  the  ZSC  composite,  because  its  polycrystalline  character  makes 
the  stress  distribution  isotropic. 

The  amount  of  cracks  in  the  ZSS  composite  could  be  lowered  by 
engineering  the  spatial  distribution  of  fibers  in  the  composite  in  such  a  way  that 
makes  the  stress  distribution  less  anisotropic.  FEM  simulations  aimed  to  design 
the  most  appropriate  fiber  geometry  are  currently  in  progress. 

Figure  3  shows  elemental  maps  of  the  ZSS  composite  obtained  by  EDS.  It 
can  be  seen  that  the  SCS-9a  fibers  contain  a  carbon  core  surrounded  by  SiC. 
The  whole  fiber  is  carbon  coated,  as  it  is  seen  in  the  elemental  C  Ka  map.  No 
impurities  were  observed  in  the  as-fabricated  material,  up  to  the  detection  limit 
of  the  technique  (0.1  wt.  %). 

High  Temperature  Strength 

The  high  temperature  compressive  strength  was  measured  at  14002C  and 
15502C  in  atmospheric  air  for  all  the  studied  compositions.  Figure  4  and  5 
summarize  the  measured  strength  for  14002C  and  15502C  temperatures, 
respectively.  Due  to  matrix  porosity  and  microcracking,  the  ZSS  composite 
exhibited  the  lowest  strength  of  all  three.  The  ZS  composite  is  seen  to  be  more 
resistant  than  the  carbon  containing  ZSC.  This  is  attributed  to  both  the  weak 
carbon  bonding  to  the  other  phases,  evidenced  as  grain  pullout  in  the  SEM 
observations,  and  the  burnout  of  carbon  at  high  temperature  in  air.  This  creates 
porosity  and  also  produces  channels  through  which  air  can  enter,  oxidizing  the 
ZrB2  phase  not  only  on  the  surface  but  also  inside  the  sample.  At  15502C,  creep 
of  the  SiC  pads  used  as  a  protection  to  the  alumina  rods  could  be  observed  at 
high  stresses.  For  the  ZSC  material  this  effect  was  of  little  importance  because 
the  strengths  were  quite  low,  but  was  significant  in  the  ZS  material.  For  this 
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reasons,  we  quote  our  result  as  a  minimum  strength.  In  some  cases  the  SiC 
pads  broke,  leaving  the  sample  intact. 

Failure  mode  at  high  temperatures  is  depicted  in  figure  6.  In  general,  the 
fracture  surface  in  ZS  samples  was  diagonal  (figure  6. A),  at  an  angle  with 
respect  to  the  applied  stress,  while  in  ZSC  fracture  surface  was  usually  parallel 
to  the  load  direction  (figure  6.B).  The  failure  mode  of  ZSS  could  be  described  as 
debonding  and  buckling  of  the  fiber  layers  (see  below) 

After  deformation  at  high  temperature,  the  samples  appeared  to  be  coated 
by  a  glassy  phase,  which  was  confirmed  to  be  SiCh  by  EDS  analysis.  Figure  7 
shows  the  surface  of  a  ZSS  composite  deformed  at  15502C.  Figure  7. A  is  a 
general  view,  in  which  the  glassy  phase  can  be  seen  to  cover  the  sample. 
Figure  7.B  is  a  detailed  view  of  the  fibers.  It  can  be  seen  that  the  carbon  core 
of  the  fiber  is  sometimes  burned,  and  that  some  of  the  fibers  have  oxidized 
completely.  Figure  8  shows  a  cross  section  of  a  ZS  specimen  deformed  at 
15502C  (BSE  contrast);  two  different  layers  can  be  seen,  the  top  one  consisting 
of  SiC>2  and  some  ZrC>2  and  the  bottom  one  consisting  of  mostly  ZrC^.The 
layers'  composition  was  confirmed  by  EDS.  Both  layers  were  covered  by  an 
outer  SiC>2  layer. 

At  14002C,  the  samples  were  also  covered  by  SiC>2  but  not  completely  as 
in  the  previous  case.  This  allowed  us  to  observe  the  microstructure  of  some 
exposed  surfaces,  as  can  be  seen  in  figure  9,  for  a  ZS  composite.  Zr02  grains 
can  be  seen  in  place  of  the  ZrB2  grains,  as  well  as  SiC  grains  (compare  this  with 
figure  l.A).  In  general,  our  observations  are  consistent  with  those  of  [5]. 

Room  Temperature  Strength  and  Degradation 

The  degradation  in  the  mechanical  properties  was  studied  as  a  function  of 
exposure  time  to  atmospheric  air  at  14002C.  Since  the  ZSS  composite  showed 
such  a  poor  mechanical  performance,  we  decided  to  focus  on  the  two  other 
compositions.  Figures  10  and  11  show  some  selected  stress-strain  curves  for  ZS 
and  ZSC,  respectively,  for  exposure  times  ranging  from  0  to  48h  at  14002C  in 
atmospheric  air.  These  results  are  summarized  in  figure  12,  where  the  room 
temperature  strength  of  the  materials  is  plotted  as  a  function  of  exposure  time. 
For  ZS,  a  reduction  of  30%  in  strength  occurred  between  16h  and  24h,  while 
for  ZSC  less  than  6  hours  were  needed.  This  can  be  explained  considering  that 
C  burns  in  an  oxidizing  atmosphere,  creating  pores  and  channels  through  which 
air  can  permeate.  At  present  we  can  not  explain  the  increase  in  strength  for  ZS 
after  6h  exposure;  further  tests  will  be  carried  out  to  ascertain  whether  this  is 
an  intrinsic  effect  or  rather  an  effect  of  the  low  reproducibility  of  these 
materials  [5]. 

Figure  13  shows  the  fracture  surface  of  ZS  and  ZSC  after  6h  exposure.  In 
general  failure  was  intergranular.  No  significant  differences  could  be  observed 
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in  SEM.  Work  is  progress  to  perform  TEM  studies  to  observe  the  grain 
boundaries,  as  it  is  likely  that  oxidation  occurred. 


Oxide  layer  formation 

The  microstructure  and  thickness  of  the  oxide  layers  formed  after 
exposure  to  atmospheric  air  at  14002C  was  studied  for  both  ZS  and  ZSC 
samples,  which  were  cut  and  polished  for  observation  in  the  SEM.  Figure  14 
shows  a  micrograph  and  compositional  maps  for  a  ZS  sample  annealed  for  1 
hour.  The  outer,  Si  and  0  rich  layer  can  be  concluded  to  be  SiC>2,  while  the 
intermediate  layer,  which  is  0  rich  and  B  poor,  is  ZrC>2.  Similar  conclusions  can 
be  drawn  from  Figure  15,  which  represents  compositional  maps  for  a  ZSC 
sample  annealed  for  24h.  Again,  the  outer  layer  is  mainly  composed  of  SiC>2, 
and  an  intermediate  layer  of  ZrC>2  separates  the  former  layer  and  the  bulk 
interior  of  the  sample. 

These  observations  were  confirmed  by  quantitative  analysis,  of  which  an 
example  is  presented.  Figure  16  is  a  cross  section  of  a  ZSC  sample  annealed  for 
24h  at  1400eC  in  air,  and  contains  several  of  the  features  previously  observed. 
The  microstructure  of  the  oxide  layer  can  be  divided  into  four  different  zones  or 
regions.  The  first  and  outer  one  is  composed  of  Zr02  grains  embedded  in  a 
glassy  SiC>2  matrix,  as  can  be  deduced  from  the  elemental  composition, 
depicted  in  Figure  17.  This  matches  our  previous  observations,  such  as  that  of 
Figure  8.  The  Zone  labeled  as  number  2  is  composed  only  of  SiC>2,  while  the 
zone  labeled  as  3  is  composed  almost  exclusively  of  Zr02  and  contains  no  Si. 
The  fourth  zone  corresponds  to  the  composition  of  the  bulk,  as  fabricated 
material.  For  ease  of  comparison,  raw  spectra  obtained  from  all  four  different 
zones  are  depicted  in  Figure  18. 

These  observations  confirm  the  oxidation  process  already  outlined  in 
previous  references,  such  as  [5].  Both  ZrB2  and  SiC  are  oxidized,  producing 
B2O3  that  evaporates  at  high  temperatures.  The  Si02  formed,  which  is  liquid  at 
the  studied  temperatures,  is  expelled  towards  the  surface  of  the  sample  by 
capillary  forces,  and  acts  as  a  protective  layer.  The  intermediate  layer  is  thus 
composed  mostly  of  ZrC>2  and  pores  that  allow  for  oxygen  permeation.  It  is  thus 
expected  that  the  ZSC  samples,  containing  carbon  that  burns  out  at  high 
temperature,  will  oxidize  at  a  faster  rate  because  of  the  porosity  produced 
during  carbon  combustion. 

To  ascertain  this  effect,  the  thickness  of  both  the  SiC>2  and  ZrC>2  oxide 
layers  were  measured  as  a  function  of  annealing  time,  for  both  ZS  and  ZSC 
samples.  These  results  are  presented  in  Figures  19  and  20,  respectively.  It  can 
be  seen  that  the  reaction  rate  is  faster  for  samples  containing  C,  and  that  the 
thickness  of  the  oxide  layers  is  smaller  for  ZS  samples. 
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Conclusions 


The  mechanical  properties  of  the  ZrB2-SiC  materials  studied  are  highly 
dependent  on  both  the  geometry  of  the  constituent  phases  and  the  amount  of 
C,  when  exposed  to  oxidizing  environments  at  high  temperatures.  The  ZS 
composition  shows  the  best  performance  on  the  three  compositions  studied, 
both  in  terms  of  strength  and  oxidation  resistance.  The  ZSS  composite  performs 
very  poorly  due  to  the  cracks  induced  by  the  thermal  residuals  stresses. 
Selecting  a  different  fiber  arrangement  during  manufacturing  or  making  the 
ZrB2-C  matrix  denser  could  alleviate  this  problem.  The  ZS  material  can 
withstand  exposures  up  to  24h  in  air  at  1400eC  before  its  performance  is 
significantly  degraded,  but  the  ZSC  composition  is  probably  not  suitable  for 
application  if  no  protective  coating  is  applied. 
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